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Ford Motor Company ("Ford") hereby comments on the Commission's proposal

to establish rules and policy governing the satellite Digital Audio Radio Service

("OARS"). Ford supports the introduction of this new service which may potentially

enhance the lives of the commuting public by expanding access to information,

entertainment, and other communication services.

In order to foster a successful service that is desirable and useful to the public,

those aspects of the proposed service impacting the performance, cost, feasibility,

manufacture, and distribution of satellite OARS receivers must be given careful

attention. In that context, Ford submits these comments for the purpose of facilitating

service rules and policy that will create a satellite OARS system that is attuned to the

needs of the consumer

Introduction

Ford is one ofthe world's largest manufacturers of automobiles and related

components. Its Automotive Components Division designs and manufactures audio

systems, including broadcast receivers, for Ford, Lincoln Mercury, and other vehicles.



Ford strives to provide high quality, low cost receivers that satisfy the needs and wants

of its millions of customers. Ford is interested in commenting in these proceedings to

help ensure that the needs and wants of those customers will be met to the fullest

extent possible when satellite OARS becomes available. From Ford's perspective, the

two most significant issues raised in this proceeding are 1) the provision of sufficient

link margins for mobile reception and 2) standardization.

System Performance I Link Margins

Ford shares the concern expressed in paragraphs 44-46 of the NPRM that

adequate link margins must be maintained for mobile reception. The existing proposals

fail to demonstrate the adequacy of the proposed link margins, and Ford is concerned

that the stated link margins may be inadequate. Customer expectations will be high for

a satellite OARS receiver system, which will be viewed as premium, high-end systems.

Given the promotion of the service as providing CD-quality audio, consumers will

expect CD quality performance continuously under virtually all reception conditions.

Ford cautions against underestimating the fading effects of mobile

environmental conditions upon signal reception. Attention is directed to the attached

ITU-R Fact Sheet 10-11S/USA-7, dated July 13,1995, entitled "Systems for Digital

Sound Broadcasting to Vehicular, Portable and Fixed Receivers for BSS (Sound) Bands

in the Frequency Range 1400-2700 MHz". As shown in Figure 5, a satellite signal

received while moving over a wide range of shadowing conditions showed a dynamic

range of over 35 dB. While shadowing may have the most significant consequences in

urban and suburban environments since most users will be concentrated there, it

should be pointed out that in Ford's terrestrial experience there are few types of
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geographical areas not subject to at least some significant shadowing conditions.

Furthermore, all areas are subject to weather and other propagation related

conditions. Thus, signal fading in the mobile environment must be addressed by

providing sufficient link margin for substantially all reception areas under substantially

all propagation conditions.

A study of fading and shadowing of L-band satellite transmissions at mobile

receivers is described in the attached copy of E. Lutz et aI., The Land Mobile Satellite

Communication Channel--Recording, Statistics. and Channel Model, IEEE Trans. on

Vehicular Technology, Vol. 40, No.2, May 1991. pp, 375-385. This article similarly

demonstrates the seriousness of the fading issue.

Inter-Operability and Standardization

Paragraphs 47 through 51 of the NPRM solicit comment concerning

standardization. From the viewpoint of designing, manufacturing, and marketing

receivers for a new service, it is clear that a single, open standard will greatly facilitate

the likelihood of consumer acceptance of the service. In fact, it may be that wide

acceptance will only be possible if such standardization is realized.

Customer acceptance of a product requires providing desirable features at a

reasonable cost. The adoption of a single, open standard for broadcasting in the

satellite OARS service will keep receiver costs down, minimize complexity, and

encourage competition in the marketing of receivers. The single transmission and

reception standard should be non-proprietary (e.g., not patented) and its details fully

disclosed and available to the public. This standard should include, inter alia, criteria

for coding, compression/decompression, modulation/demodulation, and protocols.



As one result of defining standards, post-demodulation signal processing (e.g.,

raw data processing such as compression/decompression and decoding) should be

identical with potential terrestrial digital audio systems (e.g., IBOC and EUREKA-147).

An Industry Advisory Committee (lAC) might prove useful and is recommended for the

purpose of defining such standards.

While an open-standard approach provides great benefit to the public, it is not

believed that such an approach would provide significant harm or burdens on the

service providers. To a large extent, non-proprietary technologies exist which should

satisfy the broadcast requirements of satellite OARS

A meaningful estimate of the cost of a receiver cannot be made at the present

time since sufficient details of the transmission methods and encoding are not

available. Projections must also consider feature content, the degree of integration

with the rest of the audio system, performance requirements, user interface,

subscription control, and many other issues. It is not possible at the present time to

comment on the accuracy of others' cost estimates that are contained in the record.

Service Issues

Ford concurs that a properly implemented satellite OARS service is in the public

interest provided that the service is implemented in a way to ensure proper

performance in all environments, especially the mobile environment. Many public

interest benefits would potentially accrue from this service, including improved audio

quality, increased choices for listening, availability of data, and increased area of

coverage. Although Ford is not in a position to be able to predict any possible effects



satellite OARS may have on traditional AM and FM broadcasting, Ford supports the

Commission's goal to ensure the continued viability of AM and FM broadcasting.

In connection with ancillary services referred to in NPRM paragraphs 29 and 30,

Ford supports the granting of permission to provide broadcast of data (such as

messaging, weather and road information, emergency information, etc.). A data

channel capacity of about 128 kbits/sec is justified by the potential applications that

have been enumerated. An open, non-proprietary standard should be required for data

transmission.

Frequency Re-Use

Ford is concerned that the suggested use of cross-polarization may not provide

adequate isolation for frequency re-use during mobile reception. Isolation is expected

to suffer significantly due to multipath conditions. A thorough validation offeasibility

for mobile reception is needed prior to adopting any rules specifying a scheme for

frequency re-use.

Distribution of Receiving Equipment

In at least one proposal, it is suggested that receiver equipment would be made

available to users in connection with purchasing subscriptions to the particular service.

Ford believes that the public interest would best be served by a receiver/terminal

equipment market that is open to all interested manufacturers and where a user may

select their receiver and their service provider independently.

For subscription services, the administration of subscriber codes and activation

hardware or software that may be designed into OARS receivers must be organized to



support independent receiver manufacture and marketing. There should be no fees or

other charges to receiver manufacturers for coordination or assignment of electronic

identification numbers.

Conclusion

These comments are intended to help provide a viable service that maximizes

consumer acceptance and demand for the satellite OARS service. Please contact the

undersigned if further information or assistance is desired.

Respectfully submitted,

FORD MOTOR COMPANY

B~iX::o~e~P·~=---
Principal Engineering Specialist
16800 Executive Plaza Drive
Suite 636
Dearborn, Michigan 48126
(313) 323-2526

Mark L. Mollon
911 Parklane Towers East
One Parklane Boulevard
Dearborn, Michigan 48126
(313) 845-5371

Its Counsel

Attachments
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ANNEX

DrOITAL SYSTEM B

fntraduction

Di,ital Sound Broadcastinl System B is a flexible. bandwIdth and power-efficient system for
providing dlgltaJ audio and data broadcasting, for reception by Indoor/outdoor, fixed and portable. and
mobile rec:elvers. System B IS desi,ned for saLellite. terrestnal. as well as hybrid broadcasting systems and
is sUItable for use in any broadc&stinl band.

System B allows a flexible multiplex of digllized audio <lnd data sources to be modulated onto
each camero This, together with a range of possible tranSmIssion rates. results in an effictent match between
service prOVIder requlfements and transmitter power and bandwidth resources.

The System B receiver desi,n is modular. A standard core receIver dl!Sigft provides the necessary
capability for fixed and portable rec:eption. This de.siln is based on standard. well proven sipl processing
tec:hniques for which low cost integrated circuits have been developed. Miti.arion tec:hniques. whIch are
generally needed for mobile rec:eption. ale implemented as add-on processin, functions.

In satellite braadcastinl, the main impairment is slcnal blocka,e by buildin,s. trees. and other
obstacles. Sipal blockqe produces very deep sipal fades and it is ,eneraJJy DOl possible to completely
compensate for it throu,h Hnle marlin. Several mitiprion tec:hniques were developed or adapted during the
desi." of the System B receiver. The System B receiver can support each of the followina:

• Time Diversity (Data Retransmission) - A delayed version of the data stream is multiplexed together
with the orilina! data and transmitter on the same camer

• Reception Diversity (AntennaIReceiver Diversity). Two physically separated antennas/receivers
receive and process the same signal

• Transmission Diversity (SatellitelTransmltter DIversity) . The same data stream IS transmitted by two
physically separate transmitters on separaee frequencies. are receIved by the same antenna. chen
processed independently

• On-Channel Boosters (Sinl1e Frequency Network) • The same data stream is transmitted by two or
more physically separate transmitters on the same frequency, chen the composite receIved signal is
processed by an equalizer

In a terreStrial system with several on-channel transmitters. as well as in a satenite system with
terrestrial on-dwlncl boosters, System B WIll use equalization lD the receiver. This is the only time the core
receiver confilW'ation is impacted. If a receiver does not perform equalization. it must have the capability to
recogntze and discard the: training symbols which have been Insened into the: dala stream.

2 System Overview

An overvIew of the System B desian can be best obwned by examining the functional block.
diagram of the recetver (starting at the IF) presented in Figure I. Core receiver functions are shown as soltd
blocks. while the optional functions for perfonning mitigation of propagauon problems are shown as dashed
bloclcs.

After the desired carrier is selec:ted by the receIver tURIng section, the signal is translated down to a
fi'ted IF frequency.



In the core receiver. camer reconstruc[Jon takes place In a QPSK Costas loop. and symbols are
detected by 3 matched filter with timing provided by a symbol lraclungloop. After frame sync IS

established. the recovered symbols are decoded and demu/tiplexed. The Reed Solomon decoder perfonns
the addiuonal function of marking data bloclcs which were not successfully decoded. This information IS

used by the audio decoder and can be used by the ume or 51gnaJ diverSIty combiner. If implemented In the
receiver

The selected dil1tal audio source data is provided to the audio decoder while other digital data IS

provided to the appropnate data interfaces. Each audio encoder will have the capability of muluplexing
asynchronous. program related data. With the audio data stream as shown in the figure.

LF INPUT

OPTIONAl
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i
.. ~ ... .

AUDIO _ DATA
D&T&

Fieure 1. ReceIVer Functional Block Diagram

In a receiver equipped with an equalizer. the equalization can be disabled in the absence of
multipath because the equalizer will introduce a nommal amount of performance degradation.

The presence of multipath can be detected aUlOmaticaHy or the equalizer can be switched in
manually if the receIver is to be operated in an area served by terrestrial transmitters. When the equalizer IS

operating. the camer and symbol tracking loops arc opened

Time diversiry is implemented by transmiWn, a delayed version of a data stream multiplexed
together with the original. In the receiver. these two data streams are demultiplexed and time realigned. The
data stream With the fewest errors is selected for output.

Signal diverslty requires the independent processing of Ihe Signal, or of different frequency signals.
up to the diversity combiner. The diversity combiner then performs the functions of time alignment and
selection of the most error free data stream.



3 System Descnpnon

The processin,layers of the System B transmitter and receIver are descnbed block by block.
referenced to the diagram of Figure 2. Speclfic.ltlons are defined for each block as appropriate

3.1 Transmitter

The transmitter performs all the processing funcuons needed to generate a SIngle RF camero The
process mcludes multiplexln. all analog audio and dlgita! data source.. to be combined onto one carrier.
forward error correction encoding. and QPSK modulauon
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Figure 2. System B Block Diagram

3. J.1 Input Interfaces

The transmitter accepts a set of sampled analog audio signals. a set of asynchronous datil sources
associated WIth each audio source, and a set of independent synchronous data sources.

31 .2 Audio Encoding

A number of audio encoders are provided to handle the required number of limited bandwidth
monaural, hmlted and full bandwidth stereo. and full bandWidth five channel surround sound channels.
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Each encoder also accepts an asynchronous dw channel. which IS multiplexed with the audio dala
stream. The data rate of these channels vanes dynamIcally according to the unused capacity of the audio
channel.

The output of each audio encoder IS a synchronous data stream with a data rate proportlonal to the
audio bandwidth and quality. The rate ranges from a minimum of 16kbps for limited bandwidth monaur:ll.
to approxImately 320 kbps for five channel (exact fate to be determined by MPEG committee). Audio
encoder data rates are hmlled to multlpies of l6 kbps

3.1.3 Prol!'am Muluplexlng

All digitized audio channels and data channels are multiplexed into a composite serial data stream.
The output data rate WIll range from a minImum of 32 kbps to a maxImum determined by the transmimng
system bandwidth and power resources. This muimum is anucipaced to be in the ranae of 1 Mbps to 10
Mbps.

Each allowed multiplex combination of audio sources and their rates. as well as data sources and
theIr rates. will be assigned a unique transmiSSion Identifier number. This number will be used by the
receiver to set up the data rate and demultiplexing configurauon

3.1.4 Error Correction Encoding

Error correction encoding of the composite data stream consIsts of rate I/2. 1e=7 convolutional
encoding. followed by rate 1401160 Reed Solomon encodIng.

3. 1.5 Interleaving

A block interleaver is used to tune interleave the composite data stream. The interleaver block
length will be proponional to the composite dw rale to provide an Interleaver frame ume on the order of
200 milliseconds at any data rate

3.1.6 Frame Synchronlzauon

A PN code word is insened at the begmnlng of each Intetleaver frame. The interleaver frame sync
will also have a unique relauonshlp With the proenm multIplexer frame.

3. 1.7 Training Sequence InsertIon

If the broadcast is to be received in an environment with on-<:hannel repeaters. a known training
symbol sequence will be inserted. with a trainlnl symbol placed every n data symbols. where n can range
from 2 to 4. 'The presence of traininl symbols and their frequency will be also idenufied by the unique
transmission identifier number.

3.1 .7 Modulation

The fmal step in the process is QPSK modulation at an IF frequency. Pulse shapinl will be used to
constrain the bandwidth of the signal. From this POlOt the modulated IF signaJ is translated to the
appropriate carrier frequency for transmission. In a frequency division multiplex (FUM) approach.
additional earners are generated by duplicating the transmitter descnbed above.

3.2 Receiver

After tuning to the desired carrier and translaung the signal down to a fixed IF frequency. the
receiver will perform the demodulation. decoding. and demultlplexmg funcuons. as well as the digital to
analog conveTSlon of the selected audiO Signal



The receiver data rate and program demulnplex configuration wIll be set up by Inserting the unique
::.l.'1smlssion idencifier number. The core receiver WIll be able to perform all required receive {unctions In a
fhed or portable reception environment. where there is a stable sIgnal with sufficIent signal to nOise rallo.

In mobile reception enVIronments, where there are sufficient problems with signal blockage. the
receiver will Include the enhancements needed to accommodate Clme or signal diversity. or equalization if
boosters are used.

32.1 Demodulation

Normally carrier demodulation takes place In a phase locked coherent QPSK demodulator. and
symbols are detected by a ma~hed filter with unung provided by a symbol tracJcjng loop.

Whcn cqualiUbon is used in the presence of echoes. the carrier and symbol tracking loops are
opened. A FFT frequency esnmator IS used to set a fixed camer demodulation reference. The symbol
ma~hed filter is sampled at tWIce the symbol rate and these samples are prOVIded to the equalizer.

32.: Frame SynchronlzatJon

Interleaver frame synchronIzation is establtshed through cross-correlation detection of the unIque
frame sync word. ThIs process also removes the ambiguity produced by QPSK modulation.

3.2.3 Equalizauon

In the presence of echoes. there will be several closely spaced correlation peaks in the frame sync
detector output. This information can be used to automaucally switch 10 the equalizer. The equalizer uses a
locally generated traininl sequence whose start IS based on an estimate of the position of frame sync: word.
A comparison of the timin, of thc locally generated frame sync word and the framc sync: detector output
allows the equalizer to adjust for any timing error between the incoming symbols and locaJly generated
symbol timing reference

System B uses a Lattice Predic:tive DeciSIon Feedback Equalizer (Lattice PDFE) design. The
leeway allowed In the time spread of all the echoes is a funcllon of the lenlth of the equalizer. System B
performance teson, employed an equalizer with 22 forward taps and 4 feed back taps. The equalizer WIll
acquire within 100 symbol urnes. Equalizer length can be increased if it is necessary to compensate for
greater signal delay spread.

3.2.4 Trainmg Sequence Deleuon

At the output of the equalizer. the training sequence symbols are discarded. If a receiver without an
equalizer works with a signa! thai contains training symbols. It also must discard these symbols. This is :I

simple process since the position of the training symbols is known 10 relation to the frame sync word.

32.S De-tnterleaving

The deinterleaver reestablishes the origtnal timc sequence of the detected symbols. as It existed tn
the transmItter prior to interleaVing.

3.2.6 Error Correction Decoding

A Viterbi decoder. followed by a Reed Solomon decoder. reduces the detected symbol error rate
and converts the symbols back Into data bits. If the Reed Solomon decoder is unable to remove all the errors
In a data block. it maries the data block as bad. This indication can later be used by the diversity combiner to
select the better signal as well as by the audio decoder to control audio output squelching.



3.2.6 Program Demulupleltlng

At this pomt thc compositc data stream is demultiplexed into separate digital data streams and the
destred audio data stream IS selected and routed to the audio decoder.

If time diversity IS used, the program demulupleller separatcs the real time and delayed vemon of
che data stream. and scnds chern co che diversity combiner tor selection of (he least corrupted data.

If an Independent receiver IS used for diversity receptlon. this IS the point where the more robust
output data is selected.

3.2.7 Audio Decoding

The audio decoder converu the selected di,ital audio channel to analog. h also demultiplexes the
auxiliary data channel and provides the data to the appropnate output interface.

3.2.8 Output Interfaces

Output interfaces consist of the selected audio channel and selected dala ",annels. The data
channels can drive displays in the reccivcr, or be roulcd to special purpose displays in data casting
applications. Sincc more than one audio channel may cxisl in a transmission multiplex. thc channels not
sclected for listening can be recorded for later playback.
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4 Perlonnance

The performance of System B is referenced to a set of standardized channel models: an additive
white Gaussian noise (AWGN) channel: a satellite model for a slnlle satellite signal: and a muluple (smgle
frequency) sIgnal model which can represent a satelJile signal With terrestrIal boosters or a purely terrestnaJ
network.

4.1 AWGN Channel

A clear line-of-slght satellite link can be approltimated WIth a AWGN channel. There is very little
multipath (Rician k fl':tors generally below 10 dB) at satellite elevation angles above 20 degrees.
The measured perlormance of a System B receiver over a AWGN channel is shown in Figure 3. Also shown
are some compansons between theory, SImUlation. and measurement results
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Figure 3. System B Performance In AWGN

i



Since System B can use several mdependent camers In a FDM mode. camer spacmg IS of Interest.
Figure 4 shows the measured performance degradation as a function of adjacent carrier spacing Spacing IS

gIven as a ratio of camer separation in Hz. to transmitted symbol rate In symbols per second. In System B
the symbol rate is equal to the data rate urnes the Reed Solomon overhead of 160/140, limes the tralnrnll
symbol overheaa. -

0.6 ~------------.---------~--

0.5 -4-~:-----+------+---+---....---":"_--'
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-CD
"0- 0.3II)
II)
0
~
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I
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Channel Separation (Frequency in Hz to Symbol Rate Ratio)

Figure 4. Performance Delf'ldatJon a.s a function of Cmier Spacing

4.2 Satellite Channel

The satellite channel changes for mobile reception because the satellite signal is randomly blocked
by buildings. trees. and other obstacles. In order to evaluate System B performance under mobile reception
conditions. a model wu established throup a satellite sienal meuurement over a specific test course In the
Pasadena. Califomia area. The telC course takes 45 minutes to cover and includes a variety of reception
conditions. includiDg open. moderateJy shadowed. and severely shadowed 5e,ments. The satellite sIgnal
measurement was a narrow band measurement which yielded a dynanuc ranle of over 35 dB. A time plot of
the model is shown In Figure 5. Figure 6 summarizes the staUstics of the signal mea.surement.
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42.1 Time Diversirv

If only a single satellite signal IS available. an effective mitigation technique IS tlme diversity A
delayed version of a data stream IS multiplexed wllh the angInal dala stream. with the expectatlon thal at
least one vemon wllI not be blocked. The receIver realigns the two data streams in ume and selects the one
with the fewest errors. This can be done on the basis of the Reed Solomon deGoder ~rror Indicauon.

RetransmiSSion of the data stream adds a 3 dB penalty to the system. however it can be shown that
tlus is more effecuve than a 3 dB increase In link margin. Figures 7 and g show the effectiveness of time
diversity, using the Pasadena channel model. Figure 7 shows the Joint prObability of a fade exceeding a
range of link mqins. averaged over all the model reception conditions. Note that most of the improvemem
occurs wlthtn about 4 seconds of delay. Figure 8 shows the Joint fade probabilities. for a tixed 10 dB
margin. separated by different reception conditions.
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4.2.2 Satellite Diversity

More than one satellite can be used to broadcast the same data stream. using separate frequencIes
and separate receivers for each signal. The ex~tauonwith thIS technique is that at least one of the signals
will not be blocked because of the difference in direction from the receiver to the satellites.

The effeGtiveness of saaellite diversity. as wllh time dIversity, depends on the local geometry of the
obstacles producing the signal blockale. Photogrammetric techniques have recently been applted to obtain
the statlsncs on the effectiveness of satellite diversity. These lechniques involve takIng photographic Images
With a fish eye lens camera pointed at zenith. then analyZing them to determine the percentage of sky that 15

clear. shadowed. or blocked. Satellite posmon can be overlaId on these images to give an assessmenl of
diversity galft over a specific location or path.

4.3 Single Frequency Nerwork

A method for getting a satellite SIgnal Into very difficult reGepuon areas is to use a network of on
channel terrestrial retransmttter5. System B uses equalization to work in thu Signal environment. The only
restnctlon 1ft the use of equalization is thaI each sipal is delayed at least one half symbol from every other
There IS no resmctlon as to how close boosters are to each other if different delays are Incorporated in each

lO



nne The maximum delay between boosters wdl be set by the number of slages Incorporated Into the
equalizer.

4.31 Channel Models

Two Signal models were sel up to evaluate the performance of lhe Syslem B equalizer. In additIon.
lhe effecllveness of sl,nal receptIon diverSIty was ev.lluatcd

The tir~t IS it RiClaft model. wun one half the flOwer in a direct signal componenL and voe quaner
of the power In each of rwo RayJellft componenu 1be Doppler spread on the Rayleilh cumponents was set
to ../. : 13 Hz.. which corresponds 10 a vehicle speed of 100 1cmIhr. II a camer frequency of 2.3 GHz. The
transmission rate Lt 300.000 symhnls per second. EblNo IS dctincd on Ihe bat.is of tOlal signal power and
tncludes the eftcci of the rraininll ~equenc. overhead.

The s~und IS a Raylel,n model. Wid! three equ<i.l power Rayleigh siinal components

4.3.2 Equalizer Performance

initial mde-offs iUld performance eV3luahon was accompli5hed usia, a "shoft-<:uc" simulation
approach that assumed signal hme separ3Uon Ullllte....1symbols times and perfect symbol timing recol/ery

~~'Ulb~~i"Mr9~~!!II~I~ 11111~I!J!.J
Solomon decodln,. An uncoded error rate of 1 in IOE2 Will be reduced to 1 In 10E6 by the decodlnr
proce:u.
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Figure 10 shows performance obtained With full scale simulanon. Includmg open loop operanon ot
the carTier demodulauon and symbol umlng loops
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Figure 10. System B Equalizer Performance
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The Land Mobile Satellite Communication
Channel-Recording, Statistics,

and Channel Model
Erich Lutz. Damd Cygan, \-1ichael Dippold. hark j)l1lalllsky. and Wulfgang Papke

Abstract-The wmmunkation channel between the MARECS
satellite at 26 Q \\ and a cruising van was measured and recorded
in European areas exhibiting satellite elevations from 13 10 43
deg, Different environments and mobile antennas were tested,
Results of an extensive statistical evaluation include spectra of
the fading amplitude, probability density, and distribution of
the recehed signal power, as well as the percentage of time for
fade and nonfade periods. Based on the physical phenomena of
mullipath fading and signal shadOWing, an analog model of the
land mobile satellite channel is developed which can readily be
used for software and hardware fading simulation. The most
important parameter of this model is the time-share of shadow
ing ,-4. ranging I'rom less than 1870 on southern highways 10 89 111o
in the city of Stockholm. The Rice·factor c, which characterizes
the channel during unshadowed periods, can vary from 3.9 10

18.1 dB. For anal~'tical purposes the land mobile satellite chan
nel can be represented b~' a digital two-state Gilbert- Ellioll
model. For DPSK modulation with a 10 dB signal-to-noise ratio
in the satellite link, the mean bit error probability in the unshad
owed channel state is typically in the range of 10 - 4 - 10 - 2. while
it is around 0.3 in the shadowed channel state. With regard to
data transmission. block error probability density (probability
of m errors occurring in a block of n bits), error gap distribu
tion, and block error probability are discussed. The results show
good agreement between the recorded channel and the channel
models. :\Ioreo\'er, if the Iransmission scheme is suitably adapted
10 Ihe channel beha\'ior, reliable and efficient data transmission
\'ia Ihe land mobile satellite channel should be achievable.

I, IsTRODUCTIOS

FOR some years many al.:tlvitlcs aimed al the imrodul.:tlon
of land mobIle satellite communication services have

been undertaken by different organizations all over the worlJ
For example. \tSAT-X 'll NASA, US. [II, [2j; MSAT
Program llf DOC. Canada [3 J: experimental program lJt

Japan {of): .\Iorllksal uf AUSSAT, Au.malia [5J; and PRO
lJ.-\T \ll ESA (01 finaliy. INMARSAT IS expanding mto the
area 01' bnd mobik ,cnxes usmg the operational mantime
,tandarJ-C ,y stem as an inilIaJ base I~] Field tests are abu
beJng l.:unducteJ un satellite pagmg [81

Satellite COr.lIl1UlIh::.tllGnS WIth land mobile lermmals sull'er
from ,tmng \ JrJJlllllb ul the recelveo Signal power due (q

'Ignal ,h,ld'l\\ :n!! dnt.! multipath faJmg ShadOWing uf -he
'Jtelllte·.~lLL "\ 'lbstalk, In the rrooagation path I build

'.l,Jnu~ ...·' :'t :-~-,-,,".\c:J \1,;',

: h. ; ·p/o

---;.: .~J[: );') .. ~ ~ Iln !~l( ;,'1~tltUtL'" !,'~ ; f)lIIlUIljl,..:;.HJOn~ r~I..'hnd!\ll''''''

{je:-:n:ln'~.~·rl' ... n,~~':,> K..:.').:~r ...';l r.~!Jbj'~Jllnt:ll! . LR D-XU.'1 r )herpL.iIter,
. ,'I.:'rL (j(,:. "'JI. ~

'ELI-. L "" .:-..c r '~l~.:U~~,

ing" hridges. trees, etc. I resuits in attenuation (lVer the total
~lgnal bandw Idth This allenualion inncases with carrier
frequency, i ,: .. II IS more marked at L-band than a( UHF.
For low satellite elevation the shadowed areas are larger than
for high elevatIOn, Multipalh fading occurs because the satel
lite Signal '" received not only via the direct path hut also
after bClI1g reHected from objel.:ts in the surroundings. Due to
their dlilerent propagation distanl.:es, multi path signals can
,ldd destructively resulting In a deep fade,

fheretore. I\lr.t!l types LlI LmJ mobile ,ystem,. the com
rnunKalion link between the satellite and the mobile termmal
IS the most Crl!lcal part of the transmission path and !mlJ!s the
performance ot the IOtal system. The introduction of a Judi
,:ous lade margin inlO the link bUdget has subslantial conse
quences for the system cost. The link availability determines
the al.:hlevable throughput etfkiency and the resulting mes
,age delay Furthermore, the time-varying behavior of the
,and mobile satellite link must be considered when choosing a
modulallon scheme as well as when designing channel access
and error prolection methods [9]. Also, carner recovery, bit
!Imll1g. and frame synchronization have to be adapted care
tully to the channel behavior. For these reasons it i" ~ssential

to thoroughly investigate the ch3racterisllcs of the land mo
bile ,;atelhte hnk Propagation measurements of the L-band
land mobile link have been carried out 111 ditlerem geographi
,'al areas HId different tvpes of environments III the U.S. and
C~lnadJ ! 101 : ~21

From 984 to 1987 DFYLR I performed several "cries ot
lhannel record1l1g experiments in Europe. These tests wen:
:Iarn'w ·band measurements at a single frequency. ,epresent
,ng the,hanllel within as l.:oherence bandWidth ;: 3J, The
unmodliLlIeJ rcst carrier was rransllwted from 'he ESA
gr\lllndr,atlUll In Vlllatranl.:a. Spam. -lnJ relayed by the
gL'(htalionarv \atellite \1.A,RECS jt L-lnnd (1.~4 CiHz I. The
rc~{:afTIU was transmHted right-hand circularh ;"1Iarized
With an r:;jRP \ll 28 dBW The receiver oignal-IO'f]oise r:nio
,',I, t> pl,.iil:-:'~ ~O JB t,;r :.t SO-Hz reCelvcr hal~U'.\ 1,1t:1. The
L hand I. .1rner '.\as rece:veo by J LTU1~ing van ~"li:r;:Jed wlIh
.lllter,:rt .11lll'llIlJ' according to Tdble I ..'\11 :lI1lerJ:l:I :)~((:erns

"CII' '-",lr:l\Hllail:, "v01mctf!c:il tu Jvoid antenn:l "le',:rl:l!! The
,lfHt: 111M> .\ Jlh r''fuldal patterns exhibit verl1eal ,deL'" IIV,

. riC I ',:',J'urernCIlf:, ,-,','rc ,'onJue:ted ill areas WIl:l ,:ilJ'erel1l
",ltt: ~J1I. "Jl",~it\l.'1f1~. ~{n(.khotrn 13') 'i, C\)penh~~e:1 1 ~8°\
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\12 Microstnp 2 dBi Broad tor01da i
OS Droopmg crossed dipole S dBi Toroidal
56 C) iindrical~lot (, dB; TorOIdal
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Fig 2 Received power level. 0 dB = mean received power. (a) City.
antenna 56. u = 10 km/h. 24· satellite elevation. (h) Highway, antenna 56,
l' ~ 60 krn/h, 24· satellite elevation.
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Hamburg (~1°), Munich (24°), Barcelona 134°), and Cadiz
(43",. Fig. I shows the measuremcnt areas as vicwed from
the \1.>\RECS satellite. The test courses '.... ere carefuJ1) ,e
:eeted to represent different types of environments (elty
'uburbs. rural roads, highway) and to comprise a mixture ot
,':uismg direcllons . .'\ recording :,xpenment typicallv lasted
'mm ':1) ,0 6() In1l1

rhe recelvcd carrier was downconverted to haseband. ,wL!
its inphase and quadrature components were continuouslv
recorded on magnetic tape. The recorded tlme-varving he,
haviOr !If the land mobile channel can he rcproducedn
amplitude and m phase lor stored channel tests [141, anu for

'latistical analysls.
[n SectIon II. results d the statIstlca! ('valuation "f "le

rccordmgs are presented. In add:tion to fade depth statistICS
Jlstributlons 'If fade J~ratlOns jno non-fade duratlons are
given. l:l SectIon III. two tvpes ,)( ;nodels for the land ITlobl1e
<lteil ire ~hannel are developed -:-he analog channel model
:i0l I)nlv yIelds an analytIC approxllnatlon )f the ;ecel\,~d

'I\!nal rh)wcr JistrIbutip;] but also iO]pdels the tlTlledependenr
hchavl(1,)! the C''1nplex ;'admg process and the shadowl!l[
21gilaJ Channel model rerroduces lht' qatlsllC' of the hn."W1

,cquenc:? In Section IV "1 on; ,''fll[ 'l;,tl,tICS eire U':?C 'I

:r'mpare 'he behavll), r (:1e hanr1<" ",pile!, and ',f "1('

!'~c('rded dlJnnel

\lterJr. 111ll3l LJulck :.)0K ''''1. '"]","nal,,\! lare ',,~'(r,";n\!',

n:~ ',112'llleo and tmns;errel: '-lallllr:lme, ,)mDutn

statistIcal evaluation. Fig. 2(a) shows an ,I

received signal power from a channel reCC,j an area
with narrow streets in the old city of Munl-.:n, The figure
shows 1 high-frequency fading process which is superim
posed ,m a low-frequency shadowing process, Relatively

?(lll<] and very "bad" channel periods GIn he (Jislin-
gUl'ihed havmg a mean level difference of approxImately 15
dB : Ilr mstance, a crossroad permits ,m unobstructed
, , le\\' of the satellite from 928 to 932 'i. vhiie before and

after thIS period the satellite is hidden hy multistory f1ats.
Fie .:(h) shows the received signal power from a recording
nn a highway For this case and for most of the time. only
,mad kvel variations due to Inultipath fading predominate.
-\{ 6R4 total shadowing is caused bv a brid§!e Further
,had",.... Iflg events are \:aused by trees, etc

tn ;i1i ·ecordings. the vehicle velocity [' was kept constant
to 11]",\\. easy conversIOn bctween tIme. \'elOCltv. or distance.
The 1:-;lance of the fading events is determined by the
'itarll'nan electromagnetic field :md [S mdependent of the
mph,\.: elocity Since velocity 0= distance rlme, the time
!ur,llli"ll ,)1' the fading events is inverseiv propnrtlonal to the
.'<.'In,·: ,r the mobile terminal

'il al shows Ihe power ,pectral density "I' the fading
,1,,:1;1 irnplitude for a short measurement penod in a dense
.1', :~l\ Ironment The power spectral denSIty ot the ampli
tUlle lading extends to I I Hz and does not show a dear cutoff

This was probably caused hy varIations III mobile
,pCel] ,.rd h· ,jgnalomvonents arnving from \'ariOllS eleva

:- ,n'. ,'pen ,Heas, 'he rower 'ipectral denslt',;hows no
v'I' '1 'ut ,Jccrea,e" Allh frequency ,1S ,hownn F;g 3rh)
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of a time instant being in a fade with Juration ~ T.. For
example, Fig. 6(a) shows that in ~ city ~n\'ironment bues
below - 10 dB relative to the average r~ceiveJ signal po\\er
and longer than O. I s occur for ~6 C{, M wne. The ~orre

~ponding number on a highway is /) ~ . ..is ~hown in Fig. 01 b I

Time intervals with the recetved signal Dower level about a
..:ertain threshold ~re called connections Fi~. - shows the
probability Pc (T.) of a time instant being :0 ..I ,,'onnect/on of

!J r~ i~~ ~~
~ -20 ~ \.,
OJ 1 \

~ -30 L ~'V::':"\a. ' ,
o 2 4 6 8 10 12 14 ~6 18 20

Frequency IHz)

\a)
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~._. " _ ~' .~.L. ct ..
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3

~3
'iii
~ ., E-;
o
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.D
~a: _ _

-':3 - I 13 .J
Norm. Power idB)

(b)

Fig. 4. Probability Jensity function of received pow~r. (a) City. antenna
56.24· elevauon. U dB = mean recelv~d power = link power - 5.2 dB. (b)
Highwav, antenna 56. 24· e1evalion, 0 dB = mean received power = link
power - 0.6 dB.
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duration ~ T,.. Fig. :(a) shows that in a city environment
connections above - 10 dB relative to the ~lVerage received
power and longer than I s occur for 34% of time. The
corresponding number on ~ highway is 85 %. as shown in
Fig. - h).

In the next section, two types of models for the iand
mobl1e satellite channcl are developed. The analog model
~ttempts to reproduce the stochastic behavior of the received
,ignal in ~mplitut1e Jnd in phase. This model can be used for
hardware dr SOrlware simulation of the satellite link for

\ 1)

3025

Pf ( ~() = I ""Pr I 7 I (f;-
T!

r 101
iii
'0 0
>- ;

.~ -10 i
Ql -20 io I
iii - 30 i
~ :
~ - 40 j~~'~r-..-.'~~~

o 5 ~O 15 20
Frequency <Hz)

tbl
Fig, 3. Power spectral density of received slgn"l amplilude. ial Cl\l.
antenna 05. elevation 24·. speed ca. 4 km/h. (0/ High....ay. antenna 56.
elevation 24·. speed ca, 40 km.'h.

Figs. 4(a) and 4(b) show the probability density function of
the received signal power in a city environment and on a
highway. The statistics of the recorded channel are desig
nated as +. The full lines represent the channel model (5)
with fitted parameters. The mean received power (0 dB) is
related to the power of the unfaded satellite link through (6).
The peaking of the density at high values of the received
signal power is due to the reception of the direct satellite
signal in unshadowed areas.

Figs. 5(a) and 5(b) show the cumulative probability distri
bution function of the received signal power in a city envi
ronment and on a highway. The statistic~ of the recorded
l:hannel are designated as +. The full iines approximatmg
the measurements correspond to the channel model (5). The
straight line represents a Rayleigh distribution. From Fig.
5(a) the received stgnal power is more than 10 dB below the
unfaded satellite link with probability 0.60. On a highway.
the corresponding probability is 0.085.

Time intervals with a received signal power level below a
certain threshold are called fades. Let Pf( T) Ix: the probabil
ity density that a randomly l:hosen time In~tant li~s within a
fade of duration T. Fig. 6 shows the probability
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A first step for this is an analytical approximation of the
probability density function of the received signal power
[15]. The mobile terminal is assumed as the receiver. How
ever. the channel model is also valid when the mobile
terminal is the transmitter.

As indicated by Figs. 2(a) and 2(b). it is useful to distin
guish between time intervals with high received signal power
("good" channel state) and time intervals with low power
level ("bad" channel state). The good channel state corre
sponds to areas with unobstructed "view" of the satellite
(unshadowed areas), whereas the bad channel state represents
areas where the direct satellite signal is shadowed by obsta
cles. In both of these cases. the satellite signal is reflected
from a large number of objects in the surroundings of the
mobile receiver. These signal components are received with
independently time-varying amplitUdes and phases: in the
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investigating modulatlon. coding. and accessing techniques.
On the other hand. a cigital channel model for reproducing
stochastic bit error "equences has the advantage of better
mathematical tractabi!i:y. However. the parameters ,)f the
digital channel modeJ':epend on the signal-to·nOlse ratio of
the satellite :ink and (':; the bit r<lte.

m. \!OOELS OF HiE !...\ ..... O .\fOBlLE SATELLITE CH.\ .......... EL

A . .\fodefing rhe Pr0:;abifin' Density Function of the
Recen'ed Si?nal Polter

The de\'cj(1pmem i.'r' ];] anaiog ch:mnei modd :s based on
the po\'slCai ,henome:-:a ,,( muitipath fading and :iiladowmg.

-: 3 "
'Jo,,..,. "ower (dB)

':.)
Fig. 5. Complementary ~.;mulati\'e probability distribution function of
received power. la) City. a ..:er.na 56. satellite elevation 24'.0 dB = mean
received power = link power" 5.:: dB. ,bl Highway, antenna 56. ~atellite

eievation 24'. n dB = mean ~?cei\ed power = link power .. 0.6 dB.
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= 10 .~exp[_(IOIOgSO-I-')21 .

vlfi 0 In 10 So 20
2

The slow shadowing process results in a time varying
short-term mean received power So for which a lognormal
distribution is assumed:

(4)

The power of the unfaded satellite link is normalized to
unity. Under the condition of no shadowing the mean re
ceived total power is E{ S I no shadowing} = I + lie.

When shadowing is present, it is assumed that no direct
signal path exists and that the multipath fading has a Rayleigh
characteristic with short-term me~n received power So' The
probability density function of the received power condi

tioned on mean power So is--_._.~_._--;
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Here I-' is the mean power level decrease (in decibels) and 0
2

is the variance of the power level due to shadowing. With (3)
and (4), the received power is described by a Rayleighl
lognormal distribution which is often used for the terrestrial
land mobile channel [16] .

In order to get the resulting probability density function of
the received signal power, the densities (2)-(4) must be
properly combined. To this end the time-share of shadowing,
A is defined, and the resulting probability density function
becomes

p(S) = (1 - A) . PRice(S) + A

.f
o

""PRay\(SI SO)PLN(SO) dSo (5)

where the integral expression results from the theorem of
total probability. p(S) is independent of vehicle velocity v
which is assumed constant. In [17], a different approach
suitable to foliage attenuation is described, assuming a log
normally distributed direct signal plus a Rayleigh distributed
multipath signal with constant power.

The 0 dB value in Figs. 2 and 4-7 corresponds to
the mean received power (the power of the unfaded link
normalized to unity):

Here c is the Jirect-to-rr:~ltipath signal power ratio I Rice
;'Jctor) and I :s the moc:rled Bessel tunc lion OT or<1er zero

limit. these components .1dd up to a complex Raleigh pro
.:ess. When no shadowing is present. this multipath signal 1S

superimposed on the -iirect satellite signal. ·.I,'ith the total
received signal amplituJe formmg a Rkian process. The
momentary received power 5 obeys a Ri~'lan probabijjty
JensJlY:

P l S) - 'e - ," S - III (" '. -5 \Rice -. O_l .. 12 )

E{S} = (l - A)' (I + ~) + A. IO lo10
,J 101' 2+~iIO

(6)

For different satellite elevations, different types of environ
ments, and different antennas. the parameters .-I. c. /l. and a
as given in Table II have been determined from the statistics
of the recordings by a least square curve-titting procedure.
Table II is limited to city and highway environments which
represent the worst and best case within the range of environ
ments.

Csing parameler values given in Table II. the probability


